Introduction
Dried blood spots (DBS) collected by fingertip prick provide fatty acid determinations similar to venous whole blood sampling [1, 2] , and in recent years have gained in acceptance and been adopted for use in a variety of populations including infants [3, 4] , the elderly [5] and military personnel [6] , among others [2, [7] [8] [9] . In addition, the % sum of eicosapentaenoic acid (EPA, 20:5n-3) + docosahexaenoic acid (DHA, 22:6n-3) in whole blood can be used as a predictor for risk of sudden cardiac death [10] .
Abstract Dried blood spots (DBS) by fingertip prick collection for fatty acid profiling are becoming increasingly popular due to ease of collection, minimal invasiveness and its amenability to high-throughput analyses. Herein, we assess a microwave-assisted direct transesterification method for the production of fatty acid methyl esters (FAME) from DBS. Technical replicates of human whole blood were collected and 25-μL aliquots were applied to chromatography strips prior to analysis by a standard 3-h transesterification method or microwave-assisted direct transesterification method under various power (variable vs constant), time (1-5 min) and reagent (1-10 % H 2 SO 4 in methanol) conditions. In addition, a standard method was compared to a 5-min, 30-W power microwave in 1 % H 2 SO 4 method for FAME yield from whole blood sphingomyelin, and sphingomyelin standards alone and spiked in whole blood. Microwave-assisted direct transesterification yielded no significant differences in both quantitative (nmol/100 µL) and qualitative (mol%) fatty acid assessments after as little as 1.5-and 1-min reaction times, respectively, using the variable power method and 5 % H 2 SO 4 in methanol. However, 30-W power for 5 min increased total FAME yield of the technical replicates by 14 %. This increase appears largely due to higher sphingomyelin-derived FAME yield of up to 109 and 399 % compared to the standard method when determined from whole Although erythrocytes and plasma are the more commonly used blood fractions for fatty acid analysis, DBS whole blood collection is simpler, less invasive and can be directly transesterified into fatty acid methyl esters (FAME) which bypasses the traditionally required lipid extraction step [2] . However, this process still requires between one and three hours to complete with boron trifluoride (BF 3 ) [11] and sulfuric acid (H 2 SO 4 ) [12] , respectively. Furthermore, rapid collection and subsequent pressures placed on storage capabilities, particularly in the absence of −80 °C storage [13] , increases the importance of employing more rapid analytical techniques to ease the storage burden.
The use of fingertip prick blood collection for fatty acid composition analysis of plasma was initially performed in 1990 [14] , with microwave-assisted direct transesterification techniques on brain phospholipid extracts reported in 1992 [15] . More recently, microwave-assisted direct fatty acid transesterifications have been reported for the conversion of DBS by fingertip prick [1, 6, 9] and serum [16] lipids into FAME. Although microwave-assisted direct transesterification may fail to fully transesterify triacylglycerols when using 14 % boron trifluoride (BF 3 ) in methanol [1] , this may be a limitation of the kitchen-grade microwave utilized in two of the previous studies [1, 9] . This potential limitation may be overcome by systems such as the CEM Discover SP-D single-mode [16] or MARS multi-mode [6, 16] microwaves specifically designed for laboratory processes (CEM Corporation, Matthews, North Carolina, USA). Alternative methods to expedite the transesterification process have been adopted using ultrasonic energy [17] [18] [19] [20] , with promising results, and microwaveassisted extraction techniques have been implemented previously for the extraction of fats from poultry feeds [21] , seeds, meat and bakery products [22] , acorns [23] and avocado pulp [24] .
The purpose of this study is to assess the implementation of a microwave-assisted direct transesterification with H 2 SO 4 in methanol as the transesterification reagents, first, on human whole blood technical replicates, and second, in a small population of low to moderate omega-3 status human subjects using DBS collected on chromatography paper using an advanced laboratory grade microwave. Parameters assessed include power (variable vs constant), time (1-5 min) and reagent concentration (1-10 % H 2 SO 4 ). In addition, we assess the role of increased transesterification of sphingomyelin-bound fatty acids on total FAME yield with microwave-assisted reactions.
The results of this study indicate that fatty acid determinations by microwave-assisted transesterification increased FAME yield in as little as one and a half minutes due primarily to increased sphingomyelin-derived fatty acid yield. This provides a method that may in the future enable health practitioners to obtain fast and reliable omega-3 fatty acid profiling for dietary compliance and health assessments.
Methods and Materials

Study Design
The study was designed to develop a microwave-assisted direct transesterification method for the rapid assessment of fatty acid profiles. Whole blood technical replicates samples on chromatography paper collected from a single male participant were used as a reference material to compare numerous analytical parameters of microwave-assisted direct transesterification methods with a transesterification method of 1 % H 2 SO 4 in methanol by convection block heating for 3 h at 70 °C serving as a control method [12] . In addition, dried blood spots (DBS) from a small cohort (n = 7, 24.1 ± 3.4 years, 2 females, 5 males) of low to moderate omega-3 status were further assessed to determine applicability of the method to a population. Due to preliminary results, the sphingomyelin fraction was isolated from whole blood technical replicates of a second male participant, and separately, sphingomyelin standards were purchased and each sphingomyelin source was compared between microwave-assisted and standard techniques. Pure standards were assessed individually and spiked in whole blood technical replicates (n = 4) from a third individual male participant (24 years, high omega-3 status). The overall study protocol received clearance from the University of Waterloo Human Ethics Committee and the participants provided informed consent prior to participation.
Method Development
As a result of pilot work showing a more rapid increase in pressure during microwave-assisted transesterification reactions with BF 3 compared with H 2 SO 4 , H 2 SO 4 was selected as the transesterification reagent for the current study. Based on this pilot work with whole blood samples, baseline microwave-assisted direct transesterification reactions were performed with 1 mL 1 % H 2 SO 4 in methanol + 0.5 mL hexane using the CEM Discover ® SP system (CEM Corporation, Mathews, NC, USA). The settings for this pilot method were 5 min at 30-W power with a maximum temperature setting of 165 °C. This maximum temperature setting prevents the microwave system from exceeding the reaction tube maximum pressure limit of 300 PSI, at which point the microwave will automatically stop. The microwave settings of 30 W and 165 °C were also tested for 2, 3 and 4 min reaction times. Using this method the maximum pressure of 300 PSI is reached after approximately 2 min of 30-W power application. Subsequently,
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for reactions longer than 2 min the power is continuously cycled on and off until the end of the transesterification reaction to maintain temperature and pressure just under 165 °C and 300 PSI, respectively. As such, a 4-min reaction represents a constant 30 W of power for the initial 2 min and an additional 2 min of cycling 30 W on and off.
Further methodological adjustments were made by maintaining the same temperature limit of 165 °C and allowing the CEM software program to determine the optimal power output that would reach the temperature limit in the shortest amount of time while not exceeding the pressure limits of 300 PSI. This microwave-assisted method will hereafter be referred to as the variable power method. As a result of higher total FAME yields with 1 % H 2 SO 4 in methanol for the 165 °C variable power (734 ± 33, nmol/100 μL) vs 30 W constant power (616 ± 29, nnmol/100 μL) method (Table 1) , the variable power method was determined to be superior and was assessed under additional time (1, 1.5, 2 and 3 min) and reagent (1, 2, 5 and 10 % H 2 SO 4 in methanol) conditions.
Microwave-Assisted Direct Transesterification of Whole Blood on Chromatography Strips
Two vacutainers of approximately 8 mL each were used to obtain whole blood by venipuncture from a single fasted participant (male, 28 years old) on his usual low omega-3 diet, and 500-μL aliquots were stored at −75 °C until time Table 1 Fatty acid concentrations as determined by microwave-assisted direct transesterification of whole blood on chromatography strips Different superscript letters between transesterification methods and within a fatty acid group signify statistical differences as determined by Tukey's HSD post hoc test following a significant F value by One-way ANOVA. Data are presented as nmol fatty acid per 100 μL blood, mean ± SD, n = 4 SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA polyunsaturated fatty acid and HUFA highly unsaturated fatty acid We have previously shown that storage of the whole blood samples under these conditions will not significantly affect the fatty acid profile for up to 6 months [13] , and all analyses were performed within 3 months of storage. For analysis, whole blood samples were removed from storage and allowed to thaw on ice. After thawing, the sample was vortexed and 25 μL of whole blood was aliquoted to pre-washed chromatography paper strips and allowed to fully saturate into the paper prior to microwave analysis. Microwave-assisted (CEM Discover ® SP, CEM Corporation, Mathews, NC, USA) direct transesterification reactions were compared to standard direct transesterification reactions of 2 mL 1 % H 2 SO 4 in methanol + 1 mL hexane for 3 h (n = 4) [12] . To control for the potential effects of different transesterification methods on FAME yields, an internal standard of 10 μg docosatrienoic acid methyl ester (22:3n-3, Nu Check Prep, Inc., Elysian, MN, USA) was added following transesterification and used for quantitation of individual fatty acids.
Microwave-Assisted Transesterification of Dried Blood Spots in a Population
Whole blood samples were collected by venipuncture from a small cohort (n = 7) including 2 females and 5 males with low to moderate omega-3 fatty acid status (18.7-36.4, % of n-3 highly unsaturated fatty acids (HUFA) in total HUFA). Aliquots (25 μL) of the whole blood were applied to pre-washed chromatography strips as described previously [13] and allowed to dry in air for approximately 30 min. DBS were then transesterified by the 5-min, 30-W microwave method or 3 h standard 1 % H 2 SO 4 method as previously described, or for 1 h at 95 °C with 1 mL 14 % boron trifluoride in methanol with 0.3 mL hexane. Following transesterification 10 μg of 22:3n-3 methyl ester internal standard was added for quantitation of sphingomyelin-derived FAME independent of the effects of the transesterification method.
Microwave-Assisted Transesterification of Whole Blood Sphingomyelin
One vacutainer of approximately 8 mL was used to obtain whole blood which was collected by venipuncture from a second individual participant (male, 23 years old) on his usual low omega-3 diet, and 500-μL aliquots were stored at −75 °C until time of analysis. Total lipids were extracted from 100 μL thawed whole blood using 3 mL of 2:1 chloroform:methanol with 50 μg/mL butylated hydroxytoluene as antioxidant [9] . The lower, organic, lipid-containing phase was pipetted into a new test tube and an additional 2 mL of chloroform was added to the original test tube for a second extraction. The lower organic phase was pipetted and mixed with the first organic extract. Whole blood sphingomyelin was isolated from total lipid extracts by thin layer chromatography [25] . Briefly, total lipid extracts of whole blood were applied to silica gel G plates (Whatman International Ltd, Maidstone, UK) and developed in chloroform:methanol:water (25:10:1, vol:vol:vol). Lipids were visualized under ultraviolet light after treatment with a 0.1 % solution of 2,7-dichlorofluorescin (Sigma, St. Louis, MO) in methanol. The sphingomyelin region was collected, and the fatty acids were transesterified to FAME with either 1 % H 2 SO 4 in methanol in a block heater for 3 h or with 1 % H 2 SO 4 in methanol by microwave energy for 5 min (n = 4), as described above. Following transesterification 10 μg of 22:3n-3 methyl ester internal standard was added for quantitation of sphingomyelin-derived FAME independent of the effects of the transesterification method.
Microwave-Assisted Transesterification of Sphingomyelin Standard
Both chicken egg (predominantly 16:0, palmitic acid) and bovine milk (predominantly 23:0, tricosanoic acid) sphingomyelin standards were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Aliquots of 75 μg of each were taken from a prepared solution, mixed and solvents were evaporated. These two standards were selected and mixed to compare the potential role of chain length on transesterification fatty acid yield. Microwave-assisted transesterification of sphingomyelin standards (200 nmol) for 5 min at 30 W power was compared to the standard transesterification method of heating 1 % H 2 SO 4 in methanol in a heat block at 70 °C for 3 h (n = 4). In addition, reaction test tubes were spiked with 0, 10, 25, 50 or 100 nmol of the sphingomyelin standard mixture in chloroform. Following chloroform evaporation, 25-μL aliquots of whole blood from a single 24 year old male participant on his usual high omega-3 dietary intake were added to test tubes. The mixture was then transesterified by the 30-W, 5-min microwave method. Following transesterification 10 μg of 22:3n-3 methyl ester internal standard was added as noted previously.
Gas Chromatography
Fatty acid methyl esters were analyzed on a Varian 3900 gas chromatograph (GC) equipped with a DB-FFAP 15 m × 0.10 mm i.d. × 0.10 μm film thickness, nitroterephthalic acid modified, polyethylene glycol, capillary column (J&W Scientific from Agilent Technologies, Mississauga, ON) with hydrogen as the carrier gas. Samples (1 µL) were introduced by a CTC Combi PAL (CTC Analytics AG, Zwingen, Switzerland) into the injector heated to 1 3 250 °C with a split ratio of 100:1. The initial temperature was 150 °C with a 0.25-min hold followed by a 35 °C/min ramp to 200 °C, an 8 °C/min ramp to 225 °C with a 3.2-min hold and then an 80 °C/min ramp up to 245 °C with a 15-min hold at the end [26] . The flame ionization detector temperature was 300 °C with air and nitrogen make-up gas flow rates of 300 and 25 mL/min, respectively, and a sampling frequency of 80 Hz. Peaks were identified by retention times through comparison to an external mixed standard sample (GLC-462, Nu Chek Prep Inc., Elysian, MN, USA).
Statistical Analyses
Qualitative (mol%) and quantitative (nmol/100 µL) values for individual and group FAME were determined and are expressed as means ± SD. All statistical analyses were performed with the SPSS System (SPSS Inc., Chicago, IL, USA). Following significant F values by One-way ANOVA, differences in FAME yields using the various transesterification methods from whole blood and DBS were determined by the Tukey's Honestly Significant Different post hoc procedure. In addition, differences in FAME yield for the isolated sphingomyelin fraction from whole blood and sphingomyelin standard were determined by an independent t test. Significance was inferred for all statistical analyses at p < 0.05.
Results
Quantitative Assessment of Microwave-Assisted Direct Transesterification of Whole Blood on Chromatography Strips
Multiple microwave settings were tested for the direct transesterification of whole blood samples on chromatography strips. Manipulated reaction settings included time and power, and major fatty acid subclasses are reported for both quantitative (Table 1 ) and qualitative (Table 2 ) results. A constant application of 30 W for 5 min yields significantly higher concentrations (μmol/100 μL) of SFA (15 %), MUFA (16 %), n-6 polyunsaturated fatty acid (PUFA) (11 %), total PUFA (10 %) and total fatty acids (14 %) ( Table 1 ) compared with a 3 h standard 1 % H 2 SO 4 direct transesterification reaction. With the exception of increased MUFA yields with 4 min of microwave irradiation, both the 3-and 4-min reaction times show no statistical differences across the major fatty acid groups compared with the standard method (Table 1) . When applying 30 W for only 2 min, all fatty acid subclasses are 25-35 % lower compared with control. When utilizing the variable power method of irradiation, total fatty acid content is 19 and 11 % higher compared with 30 W constant power during 2 and 3 min reactions, respectively (data not shown). Therefore, the variable power method was used to test the effect of incremental concentrations of H 2 SO 4 in methanol and time on fatty acid yield.
As shown in Table 1 , the yield of subclasses with 1 % H 2 SO 4 and variable power method remain lower than standard yields with the exception of SFA. Increasing the H 2 SO 4 content from 2 to 5 % in methanol abolishes all differences in subclass yields compared with the control. Further increases to 10 % H 2 SO 4 in methanol gives 18-24 % lower yields of n-6, n-3, PUFA and HUFA compared with both control and 5 % H 2 SO 4 in methanol. The variable power method with 5 % H 2 SO 4 in methanol was then examined further with regard to the effect of time required for transesterification. Both the 1.5-and 2-min reaction times with variable power and 5 % H 2 SO 4 in methanol are statistically equal to the standard 3-h method. The 3-min reaction produced lower n-3 PUFA (14 %) and HUFA (13 %) compared with the control while the 1-min reaction resulted in lower n-6 PUFA (17 %), n-3 PUFA (18 %), PUFA (17 %), HUFA (17 %) and total fatty acids (14 %).
The large increases in total fatty acid yield, particularly with the 5-min, 30-W microwave-assisted direct transesterification method, appear to be driven primarily by the very-long chain SFA and MUFA (Fig. 1) . Specifically, 
Qualitative Assessment of Microwave-Assisted Direct Transesterification of Whole Blood on Chromatography Strips
Qualitative assessment of the major fatty acid subclasses demonstrates less variation amongst the various microwave direct transesterification methods ( Table 2 ). The 30-W constant power microwave method yields no significant qualitative (mol%) differences during 3, 4 or 5 min of reaction time for all fatty acid subclasses. The 2-min reaction yields 6 % higher SFA, and 6 and 5 % lower n-6 PUFA and PUFA, respectively.
When utilizing the variable power method for 2 min, qualitative differences are demonstrated for all H 2 SO 4 concentrations compared with the standard 3-h method ( Table 2 ). The largest differences are shown in lower yields of 8, 25, 30, 26 and 28 % for MUFA, n-6 PUFA, n-3 PUFA, PUFA and HUFA, respectively with 10 % H 2 SO 4 in methanol. In addition, n-3 PUFA are lower for all four H 2 SO 4 concentrations and MUFA are higher in the 2 and 5 % concentrations. Testing the effect of time during the variable power method with 5 % H 2 SO 4 yields 7, 12, 7 and 10 % lower values during 3-min reactions for n-6 PUFA, n-3 PUFA, PUFA and HUFA, respectively, and the 2-min reaction time increases MUFA and decreases n-3 PUFA and HUFA. Interestingly, the shortest reaction time of 1 min yields no significant differences for any of the fatty acid subclasses compared with control even though significant quantitative differences are shown (Table 1) .
Microwave-Assisted Transesterification of Dried Blood Spots in a Population
The large increases in fatty acid yield and very-long chain SFA and MUFA demonstrated from a single participant (Fig. 1) following a 5-min, 30-W microwave direct transesterification compared to the 3-h standard H 2 SO 4 method was confirmed in a small cohort (n = 7) (Fig. 2) . Interestingly, direct transesterification of DBS from this population by a standard 1 h transesterification with BF 3 was also significantly higher than the 3-h H 2 SO 4 method, but showed no significant differences compared to the microwave method. Specifically, 22:0 increased by 61 % (2.93 nmol), 23:0 by 90 % (0.97 nmol), 24:0 by 75 % (5.50 nmol) and 24:1n-9 by 67 % (5.00 nmol) following the microwave direct transesterification method compared with the 3-h standard H 2 SO 4 method, and 22:0 increased by 71 % (3.40 nmol), 23:0 by 118 % (1.27 nmol), 24:0 by 82 % (6.01 nmol) and 24:1n-9 by 74 % (5.52 nmol) following the standard BF 3 method compared to the 3-h standard H 2 SO 4 method. No significant differences are noted for 16:0 between the three methods. Table 2 Qualitative fatty acid profiles as determined by microwave-assisted direct transesterification of whole blood on chromatography strips Different superscript letters between transesterification methods and within a fatty acid group indicate statistical differences as determined by Tukey's HSD post hoc test following a significant F value by One-way ANOVA. Data are presented as mol% of fatty acid in the total fatty acids, mean ± SD, n = 4 SFA saturated fatty acid, MUFA monounsaturated fatty acid, PUFA polyunsaturated fatty acid, HUFA highly unsaturated fatty acid and H 2 SO 4 sulfuric acid in methanol 
Microwave-Assisted Transesterification of Isolated Sphingomyelin and Sphingomyelin Standards
The 5-min 30-W microwave method was further assessed on both isolated sphingomyelin from whole blood (Fig. 3 ) and on pure sphingomyelin standards alone (Fig. 4) and spiked in whole blood to assess recovery (Fig. 5) . Each of the four SFA (16:0, 22:0, 23:0 and 24:0) and one MUFA (24:1n-9) examined increased significantly with microwave-assisted transesterification compared with 3 h of the standard transesterification (Fig. 3) . Using microwave energy increased fatty acid concentrations from sphingomyelin isolated from whole blood (nmol FAME/100 μL whole blood) by 56 % for 16:0, 97 % for 22:0, 109 % for 23:0, 92 % for 24:0 and 91 % for 24:1n-9 Similarly, the same fatty acids determined from pure sphingomyelin standards show higher yields with microwave energy (Fig. 4) ; however, these yields of 399 % for 16:0, 398 % for 22:0, 395 % for 23:0, 382 % for 24:0 and 322 % for 24:1n-9 are much higher compared with the whole blood sphingomyelin (Fig. 3) . In addition, microwaveassisted transesterification yields fatty acid concentrations 4 Fatty acid methyl ester (FAME) yield from 200 nmol sphingomyelin standard following direct transesterification with 1 % sulfuric acid in methanol. *Indicates FAME significantly different than 3-h control values as determined by Tukey's HSD post hoc test following a significant F value by One-way ANOVA. Data are presented as μmol FAME per mg of standard, means ± SD, n = 4. Std standard control method, MW microwave 1 3 from the sphingomyelin standards that are 79-83 % of the calculated theoretical fatty acid concentrations compared to only 20-25 % for the 3 h conventional method.
Based on the results of the pure sphingomyelin standard transesterification, it is clear that under the assessed reaction conditions microwave energy provides significantly higher FAME yield than the standard 3-h method. To further assess the FAME yield from sphingomyelin, 10, 25, 50 and 100 nmol of was spiked in whole blood, transesterified for 5 min with 30 W power and compared to theoretical values. Fame yields are determined to be 104, 97, 92 and 92 % when whole blood was spiked with 10, 25, 50 and 100 nmol, respectively. Theoretical yields fall within one standard deviation for both the 10 and 25 nmol spiked whole blood, and below one standard deviation in both the 50 and 100 nmol spiked whole blood.
Discussion
In the present study, microwave transesterification was tested as a potential method to significantly reduce time and monetary commitment for fatty acid analysis. Presently, microwave-assisted direct transesterification of whole blood on chromatography paper at 30 W with 1 % H 2 SO 4 in methanol for 5 min or less is demonstrated to be a viable replacement method to the standard three-hour block-heater method for quantitative and qualitative fatty acid assessments. Microwave-assisted direct transesterification can increase fatty acid yield due to a substantially improved FAME production from sphingomyelin.
Fingertip prick samples are limited to qualitative assessments as volume or mass of blood collected on chromatography paper can be difficult to determine. For this reason, qualitative results have been included to illustrate the increased usefulness of microwave-assisted direct transesterification with whole blood on chromatography paper.
Results of technical replicates from a single subject suggests that transesterification may be further reduced to as little as 1 min with no differences compared to standard methods for qualitative assessments (Table 2 ), or 1.5 min for quantitative assessments using variable power and 5 % H 2 SO 4 (Table 1) . However, additional analyses in a larger cohort is required to confirm this. Nevertheless, this suggests that an individual's omega-3 status, including a DBS collection followed by rapid transesterification time of no more than one minute-and potentially less-combined with fast gas chromatography [26] could provide an assessment of cardiovascular disease risk [10] in less than 1 h. This rapid profiling and reduced monetary requirement makes fingertip prick blood collections an exciting tool for future use in clinical settings to provide rapid feedback to patients in need of dietary improvement or compliance confirmation.
Very-long chain SFA and MUFA as well as 16:0 appear to be driving the increase in fatty acid yields during the 4 and 5 min reaction times with the 30 W + 1 % H 2 SO 4 reactions in technical replicates, and the 5-min reaction time in a small cohort. Interestingly, 22:0, 23:0, 24:0 and 24:1n-9 represent only 3 % of all SFA and MUFA in these blood samples as determined by the standard 3 h method, however, these same fatty acids are responsible for approximately 27 % of the observed increase in SFA and MUFA during the 5 min microwave method. N-6 PUFA are generally not present in sphingomyelin and the significant increase in total n-6 PUFA representing 27 % of the overall increase with the microwave method cannot be explained solely by an improvement in sphingomyelin transesterification. However, it suggests that improved yields by microwave-assisted direct transesterification may occur in additional lipid fractions such as phospholipids, triacylglycerols or cholesteryl esters, although these contributions appear relatively minor. More research is required to confirm these findings.
Contrary to our findings with sphingomyelin, at least three previous studies have shown a reduced yield for very-long chain SFA and MUFA with the use of microwave-assisted transesterification both in serum/plasma and whole blood [1, 6, 16] . Most recently, two studies from one research group using a similar but multi-modal microwave system from the same company found yields of 70-90 % for 20:0, 22:0, 24:0 and 24:1n-9 [6] and 20-70 % for the same fatty acids in an earlier study [16] . These two studies employed acetyl chloride in methanol (~11 % by volume) as per the method of Lepage and Roy [27] , and contrary to what we show in the present study, increasing the reaction time had no effect on fatty acid yield. The discrepancy Total FAME (nmol)
Spiked Sphingomyelin (nmol)
MW 5 min Fig. 5 Fatty acid methyl ester (FAME) yield from 25 μL whole blood spiked with 10, 25, 50 or 100 nmol sphingomyelin standard following direct transesterification with 1 % sulfuric acid in methanol. Data are presented as nmol FAME, means ± SD, n = 4. MW microwave between the studies is most likely related to the use of different transesterification reagents and/or microwave settings. These differences can make comparison between studies difficult; however, it appears that the present microwave reaction conditions are more optimal for complete FAME yield, particularly in very-long chain SFA and MUFA derived from sphingomyelin. Very-long chain SFA and MUFA methyl esters yields appear particularly responsive to transesterification with microwave energy and are located abundantly in sphingolipids. Fatty acids from sphingomyelin are 14 % 22:0, 9 % 23:0, 24 % 24:0 and 13 % 24:1n-9 in rat liver [28] , with 16:0 (22 %) also found in large amounts. Reaction temperatures with microwave energy are approximately 95 °C higher than the standard method, and this is likely to play a part in the improved fatty acid yield. Future studies should attempt to control for this and attempt to elucidate the contribution of microwave energy to FAME yield independent of reaction temperature. The finding that these sphingomyelin-related fatty acids are primarily responsible for the improved FAME yield from microwave-assisted direct transesterification led us to test the FAME yields from sphingomyelin isolated from whole blood and sphingomyelin standards. Approximately 5 % of whole blood samples are comprised of the sphingomyelin lipid fraction [29] , and this is in relative agreement with our findings that approximately 4-6 % of whole blood fatty acids are derived from sphingomyelin, depending on the transesterification method employed. Interestingly, weight % of EPA + DHA in whole blood by standard 3 h convection (4.34 ± 0.09) methodology appears to be significantly overestimated by 6 % in our technical replicates compared to the 5 min microwave-assisted method (4.13 ± 0.12) (data not shown), reflecting incomplete sphingomyelin transesterification by the standard method. In addition, erythrocyte sphingomyelin content may be as high as 18 % of total lipids [30] , and such overestimations may be compounded even further when assessing % EPA + DHA in erythrocytes as is the case with the commonly utilized omega-3 status assessment tool, the omega-3 index [31] .
We hypothesized that the improvement in fatty acid yield, particularly in SFA and MUFA, with microwaveassisted direct transesterification techniques may be due to a more effective transesterification of the sphingomyelin fraction in whole blood. In fact, microwave energy with 30 W + 1 % H 2 SO 4 for 5 min increased individual FAME yield by 56-109 % in isolated sphingomyelin from whole blood and by 322-399 % in a mixture of chicken egg and bovine milk sphingomyelin standards. While the increase in recovery is much higher with the sphingomyelin standards, numerous plausible explanations exist. The higher total sphingolipids present in the standards (200 nmol) versus 100 μL whole blood (40 nmol) may result in a saturation of the standard conductive transesterification process with sphingomyelin standards that is overcome with microwave-assistance. The microwave-assisted transesterification may also become saturated, albeit to a lesser extent and at higher sphingomyelin levels. Sphingomyelin FAME yields from spiked whole blood were 92-104 % of theoretical values, representing complete transesterification of 10 and 25 nmol spikes and near complete transesterification of 50 and 100 nmol spikes, and 200 nmol of pure standard yielded 80 % of total expected FAME. In addition, sphingomyelin bands from silica gel TLC plateseither by co-elution with similar polarity and easily transesterified phospholipids or with endogenous fatty acids that cannot be 'washed' prior to lipid separation-may be contaminated with non-sphingomyelin fatty acids. Due to the relatively low levels of sphingomyelin in whole blood, these contaminant fatty acids may represent significant portions of the isolated sphingomyelin, and due to their ease of transesterification would result in an artificially high FAME determination by conventional methods.
Sphingomyelin-derived fatty acids are bound by an amide (C-N) bond as opposed to an ester bond (C-O-C) in glycerol-bound fatty acids. Sphingolipids have been demonstrated to be more difficult to transesterify [11] which may be due to the need to break the more stable amide bond. This increased amide bond stability compared to ester bonds is due to resonance stabilization in which the double bond between the carbon and oxygen atoms bond is shared between the oxygen and nitrogen (C=O ←→ C=N) [32] . Presently, the microwave energy applied to the blood samples for transesterification appears sufficiently greater than convectional block heater energy resulting in the breakage of the amide bond and more complete transesterification of these sphingomyelin-derived fatty acids.
Using the variable power microwave method improves fatty acid yield compared with the 30-W constant power method as the variable power method reaches maximum temperature and pressure settings sooner. Increasing the H 2 SO 4 concentrations from 1 % to 2, 5, and 10 % H 2 SO 4 in methanol generally increases the fatty acid yield up to 5 % H 2 SO 4 , after which 10 % H 2 SO 4 yields significantly lower total n-6 PUFA, n-3 PUFA, PUFA and HUFA. A similar decrease in n-3 PUFA and HUFA yield is also demonstrated using the same variable power method with 5 % H 2 SO 4 in methanol and extending the reaction time from 2 to 3 min. The losses in fatty acid yields appear to occur only in PUFA and HUFA and suggests that balancing time and H 2 SO 4 composition used in microwave analysis is crucial for the prevention of fatty acid peroxidation during transesterification. It is noted elsewhere that dilute sulfuric acid, such as the 1 and 2 % H 2 SO 4 in methanol used here, exhibits no oxidizing properties [33] . However, in concentrated form it is capable of oxidizing many substances, and under the conditions in the present study H 2 SO 4 concentrations of 5 and 10 % in methanol appear capable of oxidizing PUFA in as little as 3 and 2 min, respectively. This appears to be the first report demonstrating that microwave transesterification increases whole blood fatty acid yield through increased sphingomyelin fatty acid transesterification, and reduced yields with higher H 2 SO 4 compositions alone or in combination with longer reaction times through fatty acid degradation. The microwave system utilized here, however, is limited by the microwave apparatus itself as only one sample at a time can be analyzed, and is further limited by internally set pressure limits that reduce the amount of power and heat that the sample may be exposed to. Previous studies have demonstrated that multi-sample microwave-assisted direct transesterification systems can be applied to whole blood samples to significantly increase throughput by increasing the number reactions performed at a given time [6, 16] , albeit with different transesterification reagents.
In the present study, methods for the microwave-assisted direct transesterification of whole blood on chromatography was developed and compared to conventional methods. Reaction times are reduced significantly from 3 h to 1 min for microwave-assisted direct transesterification with H 2 SO 4 in methanol without any significant changes in either quantitative or qualitative fatty acid profiles. Higher throughput DBS analysis such as the microwave-assisted direct transesterification method tested presently makes omega-3 health screening tests a more realistic pursuit as the cost and time of analysis may continue to drop allowing for highthroughput omega-3 fatty acid profiling for the purpose of disease risk detection assessment. We believe this to be the first study demonstrating that higher fatty acid yields with microwave-assisted direct transesterification is due to higher transesterification of sphingomyelin-bound fatty acids.
